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ABSTRACT :  We  report  on  the  preparation  of  color  tunable  mirrors  based  on 
electrically  regulated  bandwidth  broadening  of  the  circularly  polarized  reflection 
of  polymer  stabilized  cholesteric  liquid  crystals  (PSCLCs).  A  number  of 
improvements  relating  to  the  practical  implementation  of  these  materials  are 
detailed  including  color  and  bandwidth  stability,  baseline  optical  properties,  and 
response  times.  Experimentation  reported  herein  focuses  on  the  contribution  of 
structural  chirality,  viscoelastic  properties  of  the  polymer  network  architecture, 
and  electro  optic  drive  schemes.  Through  the  examination  of  samples  prepared  in  different  conditions  and  compositions,  we 
further  elucidate  the  dominant  role  of  structural  chirality  as  well  as  the  impact  of  cross  linking  of  the  polymer  stabilizing  network 
on  the  threshold  voltage  and  relative  change  in  bandwidth  per  voltage  (A(AA)/V).  Furthermore,  the  appearance  of  nonideal 
optical  properties  (scatter  and  haze)  in  some  samples  is  shown  to  be  correlated  with  the  polymer/LC  compatibility  and 
effectiveness  of  structural  templating.  Due  to  the  employment  of  an  electromechanical  displacement  mechanism,  the  switching 
times  of  the  PSCLCs  are  slower  than  mechanisms  based  on  liquid  crystal  reorientation.  However,  a  potential  approach  is 
identified  to  reduce  the  on  and  off  switching  times  to  approximately  1  s. 

KEYWORDS:  liquid  crystals ,  optical  materials,  polymer  stabilization,  color,  photonic  band  gap 
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Cholesteric  liquid  crystals  (CLCs)  in  the  planar  orientation 
self  organize  into  a  helical  superstructure  described  by 
either  a  right  handed  (RH)  or  left  handed  (LH)  circular 
rotation  of  the  liquid  crystal  director  along  a  helical  axis.1’2  The 
periodicity  of  the  index  variation  dictates  a  spectral  reflection 
centered  at  the  wavelength  Ag  =  nm  X  p0,  where  nav  is  the 
average  refractive  index  of  the  liquid  crystal  (LC)  and  p0  is  die 
pitch  length.  Due  to  the  handedness  of  the  helical  super 
structure,  CLCs  reflect  only  50%  of  unpolarized  light  within  the 
photonic  band  gap  (bandwidth).  The  bandwidth  (AA)  of  CLCs 
is  typically  50—100  nm  in  the  visible/near  infrared  region  and  a 
product  of  the  birefringence  (An)  of  the  LC  host  and  die 
cholesteric  pitch  as  AA  =  An  X  p0  =  (ne  —  n0)  X  p0  (where  ne  is 
file  extraordinary  refractive  index  and  n0  is  the  ordinary 
refractive  index). 

A  number  of  previous  examinations  have  shown  that  the 
bandwidth  of  a  CLC  can  be  broadened  by  heterogeneous 
photoinitiated  polymer  stabilization,3’4  as  recently  reviewed  by 
Mitov.5  Photoinitiator  concentration,  UV  curing  intensity,  and 
the  introduction  of  radical  inhibitors  have  all  been  shown  to 
enable  heterogeneous  photopolymerization  of  primarily 
(meth)acrylate  licjuid  crystal  monomers  (LCMs)  across  the 
sample  thickness.  -19  The  heterogeneous  photopolymerization 
dictates  gradients  in  the  concentration  and  cross  link  density  of 
the  polymer  stabilizing  network,  which  disrupts  the  local  pitch 
across  the  cell  gap. 

Dynamic  variation  of  the  position  or  bandwidth  of  die 
spectral  reflection  of  CLCs  has  been  long  pursued.20,21 
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Variation  in  the  position  or  bandwidth  of  CLCs  can  be 
induced  with  thermal,  photonic,  or  electrical  stimuli.22  This 
contribution  focuses  on  electrically  induced  optical  responses. 
A  number  of  recent  reports22-3  detail  electrically  induced 
tuning  or  broadening  of  the  bandwidth  of  CLCs.  Prior  efforts 
to  induce  color  selectivity  in  CLCs  have  focused  on  switching 
the  reflection  notch  of  CLCs  on  or  off  in  samples  based  on 
dual  frequency  liquid  crystal  hosts30’33’34  or  with  polymer 
stabilization.3 

Recendy  we  reported  as  much  as  a  7  fold  increase  in 
bandwidth  of  the  spectral  reflection  of  PSCLCs  prepared  with 
negative  dielectric  anisotropy  liquid  crystal  hosts  at  moderate 
dc  fields  (0—4  V//rm). 27,28  The  bandwidth  broadening  is 
symmetric  about  the  center  of  the  reflection  notch  and 
completely  reversible.  The  initial  report27  excluded  a  number 
of  mechanisms  based  on  common  ionic,  polar,  and  polymeric 
interactions  previously  observed  in  liquid  crystalline  systems. 
Recently,  electro  optic  experiments  (primarily  in  polymer 
stabilized  nematic  samples)  strongly  indicate  that  the 
mechanism  is  attributable  to  ionic  charge  trapping  on  and 
within  the  polymer  network28  Liquid  crystal  mixtures  typically 
contain  a  residual  concentration  of  ions  (109— 1014  ions/ cm3) 
attributable  to  synthetic  and/or  purification  steps  (catalysts, 
salts,  moisture,  and  dust).  Ionic  contaminants  from  alignment 
layers37  or  from  degradation  of  LCs38-41  have  been  reported. 
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Figure  1.  (a)  Transmission  spectra  of  a  (i)  right  handed  PSCLC  prepared  from  a  mixture  of  5  wt  %  R1011/5  wt  %  R81 1/S  wt  %  RM82/84  wt  % 
ZLI  2079,  (ii)  left  handed  PSCLC  prepared  from  a  mixture  of  5  wt  %  S101 1/5  wt  %  S81 1/5  wt  %  RM82/84  wt  %  ZL1  2079,  and  (iii)  assembly  of 
RH  PSCLC  in  (i)  and  LH  PSCLC  in  (ii).  (Inset)  Graphical  depiction  of  the  assembly  of  the  RH/LH  PSCLC  examined  in  (iii).  (b)  Transmission 
spectra  of  the  LH/RH  PSCLC  assembly  before  and  during  application  of  a  (i)  0  V,  (ii)  40  V,  (iii)  70  V,  (iv)  80  V,  and  (v)  100  V  dc. 


Figure  2.  (a)  Photographs  illustrating  the  reflection/transmission  of  the  LH/RH  PSCLC  assembly  (i)  at  0  V  and  (ii)  at  80  V  (see  also  Video  1, 
Supporting  Information),  (b)  The  color  tunability  of  the  reflection  from  the  LH/RH  PSCLC  assembly  is  visualized  at  (i)  0  V,  (ii)  15  V,  (iii)  30  V, 
(iv)  60  V,  (v)  90  V,  and  (vi)  110  V.  Schematics  depicting  the  bandwidth  broadening  are  inset  beneath  each  image. 


Accordingly,  the  polarity  of  the  applied  dc  field  results  in  ionic 
charge  migration  and  buildup.42-45  However,  our  recent  work 
has  postulated  that  trapped  ions  (within  or  on  the  surface  of  the 
polymer  stabilizing  network)  impart  a  force  onto  the  polymer 
network  in  the  presence  of  a  dc  field.  The  electromechanical 
force  is  large  enough  to  displace  the  polymer  stabilizing 
network,  visually  observed  in  a  recent  report28  employing 
patterned  electrodes.  We  hypothesize  that  the  distortion  of  the 
polymer  stabilizing  network  enables  bandwidth  broadening  by 
chirping  the  local  structure  (orientation)  of  the  polymer 
stabilizing  network,  which  hen  affects  the  orientation  of  he 
low  molar  mass  liquid  crystal  (structural  chirality).  Importantly, 
upon  removing  he  dc  field,  he  PSCLC  bandwidth  of  he 
PSCLC  restores  to  he  original  bandwidth. 

The  goals  of  this  work  are  to  demonstrate  he  potential 
functionality  of  electrically  regulated  bandwidth  broadening  of 
PSCLCs  as  color  tunable  mirrors  and  to  further  elucidate  he 


powerful  role  of  structural  chirality.  A  variety  of  formulations 
are  examined  to  isolate  he  role  of  polymer  network 
viscoelasticity  to  enable  optimal  electro  optic  responses.  The 
large,  electrically  regulated  control  of  he  bandwidth  of  he 
spectral  reflection  of  PSCLCs  is  potentially  useful  in  many 
application  areas  suh  as  displays,  smart  windows,  and  optical 
systems. 

■  RESULTS  AND  DISCUSSION 

The  electrically  regulated  bandwidth  broadening  of  an  optical 
element  prepared  by  stacking  a  left  handed  and  right  handed 
polymer  stabilized  cholesteric  liquid  crystal  (PSCLC)  is 
illustrated  in  Figure  1.  The  PSCLC  samples  were  prepared  in 
30  /im  thick  alignment  cells  by  photopolymerization  of  a 
mixture  containing  5  wt  %  of  he  liquid  crystal  diacrylate 
monomer  RM82,  chiral  dopants  (either  S1011/S811  or  R1011/ 
R811),  and  he  negative  dielectric  anisotropy  (— Ae)  nematic 
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Figure  3.  (a)  Thermochromic  color  tuning  of  the  spectral  reflection  of  the  PSCLC  mixture  (4  wt  %  R.1011/S  wt  %  R811/5  wt  %  RM82/85  wt  % 
ZLI  2079).  The  templating  and  retention  of  “structural  chirality”  were  elucidated  by  photopolymerizing  the  mixtures  at  (b)  room  temperature,  (c) 
40  °C,  and  (d)  60  °C.  The  optical  properties  of  the  PSCLCs  were  stable  for  at  least  6  days  (Figure  SI,  Supporting  Information).  The  samples  were 
subjected  to  applied  dc  voltages  to  induce  bandwidth  broadening.  The  transmission  spectra  were  collected  from  an  optical  setup  in  which  the  white 
light  probe  was  right  handed  circularly  polarized. 


liquid  crystal  host  ZLI  2079  (Ae  =  —6.1).  On  the  basis  of  the 
relation  AA  =  An  X  p0l  both  PSCLC  samples  exhibit  a 
bandwidth  of  70  nm  after  preparation  (measured  from  the  full 
width  at  half  maximum  (fwhm)).  The  70  nm  bandwidth 
measured  for  the  PSCLC  samples  in  Figure  1  deviates  only  by  a 
few  nanometers  from  the  bandwidth  measured  before  photo 
polymerization.  The  spectral  reflection  of  the  LH  and  RH 
PSCLC  is  centered  at  approximately  700  nm  in  the 
transmission  spectra  in  Figure  la.  When  stacked,  the  high 
contrast  reflection  band  nearly  completely  reflects  690—720  nm 
light  from  the  unpolarized  white  light  probe  and  maintains  a 
bandwidth  at  the  fwhm  of  neariy  100  nm.46  Both  cells  were 
simultaneously  subjected  to  a  dc  field  of  identical  strength 
(Figure  lb).  As  the  dc  voltage  was  increased  stepwise  from  0  to 
100  V,  the  bandwidth  of  the  LH/RH  PSCLC  optical  element 
increased  from  100  nm  to  neariy  600  nm.  As  detailed  in  our 
previous  report,27  the  broadening  is  symmetric  about  the  center 
point  of  die  reflection  notch  (approximately  700  nm)  before, 
during,  and  after  application  of  the  dc  field  After  die  field  is 
removed,  the  bandwidth  of  the  LH/RH  PSCLC  optical 
element  restores  to  the  original  value  of  100  nm.  Although 
not  shown  here,  the  bandwidth  of  die  individual  cells  can  be 
driven  separately  as  desired 

The  high  contrast  and  color  tunable  mirror  is  visually 
illustrated  in  Figure  2  in  photographs  isolating  the  optical 
properties  of  a  PSCLC  as  a  function  of  voltage.  The  ability  to 
dynamically  switch  the  selective  reflection  from  selectively 
reflective  (colored)  into  a  broadband  reflection  (mirror)  is 
shown  in  Figure  2a.  The  initial  notch  position  was  arbitrarily 
formulated  to  reflect  red  light.  The  word  “mirror”  is  visible 


behind  the  PSCLC  before  application  of  the  dc  field.  Upon 
application  of  an  80  V  dc  bias,  the  image  (frog)  is  reflected  by 
the  mirror  like  reflection  of  the  PSCLC  and  the  word  “mirror” 
can  no  longer  be  observed.  The  colored  appearance  of  the 
optical  element  at  intermediate  bandwidths  is  depicted  in 
Figure  2b  images  i— vi  Here,  the  PSCLC  is  set  at  an  angle  to 
reflect  light  into  the  camera  Initially,  the  PSCLC  exhibits  a  red 
reflection.  With  application  of  IS  V  (ii),  30  V  (iii),  60  V,  (iv)  90 
V  (v),  and  1 10  V  (vi)  the  color  of  the  PSCLC  changes  from  red 
to  green  to  broadband  (blue  silver).  After  the  dc  field  is 
removed,  the  optical  properties  restore  to  those  evident  in 
Figure  2a  i  or  b  L  The  color  evident  in  the  images  in  Figure  2b 
is  attributable  to  the  content  of  spectral  reflection,  as  illustrated 
in  the  graphical  insets  below  each  corresponding  image. 

Our  previous  report27  discusses  and  excludes  a  number  of 
potential  mechanisms.  A  recent  report28  details  electro  optic 
experiments  that  strongly  indicate  that  the  mechanism  is  ionic 
in  nature  and  attributable  to  displacement  of  the  polymer 
network  within  the  PSCLC.  In  this  recent  report,28  the 
displacement  of  the  polymer  network  is  visually  observed  in 
control  experiments  employing  alignment  cells  with  patterned 
electrodes  wherein  the  polymer  network  aggregates  on  die 
negatively  charged  electrodes.  The  distortion  of  die  polymer 
network  does  not  affect  the  chemical  chirality  of  the  CLC  fluid. 
Rather,  we  believe  that  the  polymer  stabilized  network 
templates  the  superstructure  of  the  low  molar  mass  host  liquid 
crystal  and  becomes  a  “structurally  chiral”  hierarchical  align 
ment  scaffold.47-50  To  introduce  and  elucidate  the  dominance 
of  structural  chirality  in  this  mechanism,  Figure  3  summarizes 
the  characterization  of  electrically  induced  bandwidth  broad 


1035  dxjddjorg/l  0.1021  /ph500259h  I  ACS  Photonics  2014, 1, 1033-1041 

3 

Distribution  A.  Approved  for  public  release;  distribution  unlimited. 


ACS  Photonics 


Article 


Figure  4.  (Top)  General  chemical  structure  for  the  liquid  crystal  monomers  examined  here.  Samples  were  prepared  from  formulations  containing  5 
wt  %  R.1011/5  wt  %  R811/84  wt  %  ZL1 2079  mixed  with  5  wt  %  liquid  crystal  monomer,  (a)  Transmission  spectra  of  a  PSCLC  sample  prepared 
from  RM257  (n  =  3)  before  and  during  application  of  a  0—140  V  dc.  (b)  Transmission  spectra  of  a  PSCLC  sample  prepared  from  RM82  (n  =  6) 
before  and  during  application  of  a  0—110  V  dc.  (c)  Transmission  spectra  of  a  PSCLC  sample  prepared  from  M04301  (n  =  ll)  before  and  during 
application  of  a  0—70  V  dc.  (d)  The  normalized  bandwidth  of  the  PSCLCs  examined  in  a— c  is  summarized  as  a  function  of  applied  dc  field  (V//rm). 
The  transmission  spectra  were  collected  in  a  setup  in  which  the  white  light  probe  was  right  handed  circularly  polarized. 


ening  in  four  samples  prepared  at  a  range  of  temperatures.  As 
discussed  in  numerous  prior  examinations,2 1,51-54  CLC 
mixtures  can  exhibit  thermochromism  the  range  of  which 
largely  depends  on  whether  the  mixture  maintains  an 
underlying  smectic  phase.  The  thermally  induced  variation  in 
the  central  wavelength  of  the  reflection  notch  for  unstabilized 
CLC  mixtures  based  on  R1011  (4  wt  %)/R811  (5  wt 
96)/RM82  (5  wt  %)/ZLI  2079  is  shown  in  Figure  3a.  Upon 
heating  from  room  temperature  to  60  °C,  the  center  of  the 
Bragg  reflection  peak  shifts  from  775  nm  to  700  nm.  While 
small  compared  to  other  reports,55  we  utilize  the  thermochrom 
ism  of  this  mixture  to  prepare  PSCLC  samples  at  room 
temperature  (A0  =  775  nm),  40  °C  (A0  =  750  nm),  and  60  °C 
(Aa  =  700  nm).  As  evident  in  Figure  SI  in  the  Supporting 
Information,  after  polymerization  and  cooling  to  room 
temperature,  the  PSCLC  samples  retained  the  identical 
transmission  spectra  for  6  days.  After  6  days  of  storage, 
transmission  spectra  were  taken  from  die  samples  before, 
during,  and  after  applying  dc  fields  (Figure  3b— d).  The 
bandwidths  of  each  of  die  samples  broaden  about  the  center  of 
die  starting  wavelength.  These  results  confirm  die  powerful 
nature  of  structural  chirality.  If  the  “chemical  chirality”  (that 
derived  from  the  mixture  of  R1011/R811/ZLI 2079)  was 


dominant,  the  samples  would  restore  to  the  formulated  notch 
position  (775  nm)  after  preparation  upon  cooling.  Importandy 
for  practical  utility,  the  structural  chirality  is  also  retained  over 
time  as  well  as  during  and  after  the  application  of  the  dc  field  to 
induce  broadening  that  is  symmetric  on  the  center  of  the  notch 
position  at  which  the  sample  was  polymer  stabilized. 

On  the  basis  of  the  electromechanical  displacement 
mechanism  and  the  demonstrated  importance  of  structural 
chirality,  die  viscoelastic  properties  of  the  polymer  network 
should  be  influential  to  the  electro  optic  response.  The 
structurally  chiral  polymer  stabilizing  network  assumes  an 
equilibrium  conformation  in  the  absence  of  die  applied  dc  field 
The  polymer  stabilizing  network  is  then  subjected  to  force  and 
distorted  in  the  presence  of  the  applied  dc  field.  Accordingly, 
both  the  on  time  and  off  time  switching  speeds  and  threshold 
voltages  should  be  affected  by  the  viscoelastic  properties  of  the 
polymer  network.  In  acrylate  based  liquid  crystalline  polymers 
prepared  by  free  radical  photopolymerization,  the  molecular 
weight  between  cross  links  dictates  the  network  viscoelasticity 
and  can  be  systematically  controlled  by  varying  the  flexible 
spacer  length  of  the  monomer  precursors.  PSCLCs  were 
prepared  from  liquid  crystal  monomers  (LCMs)  with  the  same 
mesogenic  core  with  n  (the  length  of  the  methylene  spacer 
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units)  values  of  3,  6,  or  11  (chemical  structure  inset  in  Figure 

4).* 

Transmission  spectra  collected  before  and  in  the  presence  of 
a  dc  field  are  plotted  for  30  ftm  thick  PSCLC  samples  stabilized 
with  5  wt  %  RM257  (n  =  3),  5  wt  %  RM82  (n  =  6),  and  5  wt  % 
M04031  (n  =  11)  in  Figure  4a— c.  The  slight  differences  in  the 
central  wavelengths  for  these  three  samples  are  due  to  minor 
variations  in  chiral  dopant  concentration  and  cell  thickness 
(±0.4  Am).  These  results  are  summarized  in  the  plot  of 
bandwidth  as  a  function  of  applied  dc  voltage  in  Figure  4d. 
Generally  speaking,  all  three  samples  repeatedly  exhibit  at  least 
a  5  fold  increase  in  bandwidth  that  is  symmetric  about  the 
center  of  the  Bragg  reflection.  Specifically,  the  threshold  voltage 
to  initiate  broadening  decreases  from  1  V/a m  (RM257,  three 
methylene  flexible  units)  to  0.3  V/fjm  (M04031,  11  methylene 
flexible  units).  Increasing  the  length  of  the  flexible  spacer 
increases  the  relative  change  in  bandwidth  per  voltage  (A(AA)/ 
V).  Unfortunately  these  enhancements  are  accompanied  by  a 
noticeable  increase  in  scatter  particulariy  on  the  blue  edge  of 
the  reflection  notch  (Figure  4c).  We  attribute  this  increase  in 
scatter  for  this  PSCLC  sample  to  the  effectiveness  of  structural 
templating  of  the  polymer  network.  Specifically,  liquid 
crystalline  polymer  networks  (LCNs)  prepared  from  LCMs 
with  longer  methylene  spacer  units  are  known  to  form  alkyl 
chain  rich  areas  in  the  polymer  networks,  which  can  destabilize 
and  would  potentially  impact  the  templating  of  the  CLC.57  We 
believe  that  die  reduction  in  threshold  voltage  is  largely 
attributable  to  the  viscoelastic  properties  of  the  polymer 
network  To  confirm  this,  bulk  LCN  samples  were  prepared 
and  the  thermomechanical  properties  of  the  films  were 
measured  with  dynamic  mechanical  analysis.  The  modulus 
and  glass  transition  temperature  (Tg)  of  these  polymers  are 
summarized  in  Figure  S2  (Supporting  Information).  As 
expected,  the  storage  modulus  and  Tg  decrease  with  increasing 
number  of  methylene  units  in  PSCLCs  due  to  the  increase  in 
the  molecular  weight  between  cross  links  as  well  as  the  increase 
in  chain  mobility.  7-59  Thus,  it  is  reasonable  to  assume  that  in 
die  samples  examined  in  Figure  4  the  reduction  of  the 
threshold  voltage  and  die  increase  in  the  relative  change  in 
bandwidth  per  voltage  (A(A2)/V)  are  direcdy  dictated  by  the 
viscoelastic  properties  of  the  polymer  networks. 

Lateral  modification  of  the  mesogenic  core  of  an  LCM  also 
can  affect  packing  and  interaction  between  mesogens  in  the 
polymer  networks.57  Dynamic  notch  broadening  behavior  of  a 
PSCLC  prepared  from  the  polymerization  of  M04256  is  shown 
in  Figure  5.  This  monomer  is  identical  to  RM82  (Figure  4b) 
but  for  the  methyl  group  on  the  central  phenyl  ring  of  the 
mesogenic  unit.  Accordingly,  PSCLCs  prepared  from  M 042 56 
(Figure  S)  and  RM82  (Figure  4b)  should  have  the  same 
molecular  weight  between  cross  links  but  may  differ  in  the 
ability  to  retain  order  and  effectively  template  the  CLC.57  As 
evident  in  Figure  5,  the  PSCLC  prepared  from  M04256  exhibits 
neariy  identical  bandwidth  broadening  to  the  PSCLC  prepared 
from  RM82  (Figure  4b).  One  notable  difference  is  the 
scattering  that  appears  on  the  blue  edge  of  the  reflection 
notch,  similar  to  that  observed  in  the  PSCLC  prepared  from 
M04031  (Figure  4c).  Accordingly,  the  results  presented  in 
Figure  5  further  confirm  the  crucial  role  of  the  interaction  of 
the  monomer  (polymer)  and  the  liquid  crystal  in  enabling 
optimal  templating  of  die  CLC  superstructure  to  result  in  a 
structurally  chiral  polymer  stabilizing  network  that  effectively 
translates  this  orientation  to  the  low  molar  mass  liquid  crystal 
fluid. 
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Figure  5.  Electrically  induced  bandwidth  broadening  in  a  PSCLC 
sample  prepared  from  M04256  (n  =  6,  nonmethylated)  before  and 
during  application  of  a  0—140  V  dc  field.  The  transmission  spectra 
were  collected  in  a  setup  in  which  the  white  light  probe  was  right 
handed  circularly  polarized.  The  sample  was  prepared  from 
formulations  containing  5  wt  %  R10 11/5  wt  %  R8 11/84  wt  %  ZLI 
2079  mixed  with  5  wt  %  M042S6. 


Dynamic  responses  in  liquid  crystals  derived  from  ionic 
mechanisms  typically  exhibit  strong  temporal  variations  and 
irregularities  that  have  precluded  the  use  of  these  mechanisms 
in  practical  applications.2’60-63  Although  ionic  in  nature,  the 
fundamental  electro  optic  mechanism  employed  here  is 
distinguished  from  these  prior  efforts.  In  order  to  be  useful  in 
functional  optical  devices,  the  electrically  regulated  bandwidth 
broadening  should  be  stable  at  a  given  operating  voltage.  The 
stability  of  the  bandwidth  broadening  was  examined  by 
monitoring  the  transmission  spectra  for  samples  subjected  to 
continuously  applied  dc  voltages  for  30  min.  Unlike  in  Figures 
1—5,  the  applied  dc  field  was  immediately  applied  to  the  cells  to 
emulate  the  conditions  expected  in  applications  of  the  optical 
phenomena  Figure  6a  and  c  plot  transmission  spectra  collected 
for  a  PSCLC  sample  stabilized  with  RM82  when  subjected  to 
1.5  V/Am  (Figure  6a)  and  2.5  V/itm  (Figure  6c)  for  30  min.  As 
has  been  discussed,  the  magnitude  of  the  bandwidth  broad 
ening  can  be  regulated  with  the  strength  of  the  applied  dc  field 
evident  in  Figure  6a,  where  1.5  V/ftm  broadens  the  bandwidth 
to  200  nm,  and  Figure  6c,  where  2.5  V/fim  broadens  the 
bandwidth  to  450  nm.  As  evident  in  Figure  6a  and  c,  the 
transmission  spectra  are  largely  unchanged  over  the  course  of 
30  min  of  continuous  field  application  in  both  cases.  The  creep 
in  bandwidth  was  also  examined  in  samples  prepared  with 
RM257,  M04031,  and  M42S6  (Figure  S3,  Supporting 
Information).  The  stability  of  die  bandwidth  under  applied 
dc  fields  does  vary  slightly  -with  the  viscoelastic  properties  of  the 
polymer  network  as  well  as  with  the  field  strength.  The 
bandwidth  of  the  reflection  notches  evident  in  Figure  6  exhibits 
only  a  3  nm  increase  (0.7%)  (at  2.5  V/Am)  over  the  course  of 
30  min.  Comparatively,  a  PSCLC  prepared  with  RM257 
subjected  to  2.5  W/ftm  broadens  to  a  bandwidth  of  more  than 
350  nm,  but  on  continuing  dc  field  application  the  bandwidth 
decreases  by  nearly  50  nm  over  the  course  of  30  min.  PSCLCs 
prepared  with  M04031  or  M04256  exhibit  similar  responses  to 
the  PSCLC  prepared  -with  RM82,  as  depicted  in  Figure  6.  Thus, 
importantly  for  application  as  functional  optical  devices, 
PSCLC  samples  can  be  prepared  that  maintain  the  bandwidth 
over  sustained  field  application  and  do  not  exhibit  the  temporal 
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Figure  6.  Temporal  stability  of  electrically  induced  bandwidth  broadening  in  a  PSCLC  sample  prepared  from  S  wt  %  R1011/5  wt  %  R811/5  wt  % 
RM82/ZLI 2079.  (a)  Transmission  spectra  before  and  during  30  min  of  continuous  application  of  a  45  V  dc  field,  (b)  The  bandwidth  of  the 
reflection  notch  is  plotted  against  time,  (c)  Transmission  spectra  before  and  during  30  min  of  continuous  application  of  a  75  V  dc  field,  (d)  The 
bandwidth  of  the  reflection  notch  is  plotted  against  time.  The  transmission  spectra  were  collected  in  a  setup  in  which  the  white  light  probe  was  right 
handed  circulariy  polarized. 
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Figure  7.  Temporal  response  of  PSCLC  samples  prepared  from  5  wt  %  RIO  11/5  wt  %  R811/ZU  2079  polymer  stabilized  with  5  wt  %  RM82.  (a) 
Bandwidth  measured  during  the  application  of  a  50  V  dc  for  110  s.  The  bandwidth  restores  after  the  50  V  dc  is  removed,  (b)  Response  time  observed 
when  a  65  V  dc  was  applied  for  2  s,  followed  by  reduction  to  50  V  dc.  The  dc  voltage  was  turned  off  at  approximately  48  s.  (c)  Response  time 
observed  when  an  80  V  dc  was  applied  for  3  s,  followed  by  reduction  to  50  V  dc.  The  polarity  of  the  dc  voltage  was  reversed  (—30  V  for  ~3  s)  and 
switched  off. 


effects  that  are  synonymous  with  ionic  mechanisms  in  liquid 
crystals. 

Another  important  consideration  for  practical  utility  is  the 
response  time.  The  native  response  time  for  a  PSCLC  prepared 
with  RM82  is  illustrated  in  a  plot  of  bandwidth  as  a  function  of 
time  (Figure  7).  Evident  in  Figure  7a,  the  bandwidth  slowly 
increases  upon  application  of  50  V  with  a  switching  on  time  of 
24  s  to  reach  a  normalized  bandwidth  value  of  3.3.  After  the  50 
V  dc  voltage  is  removed,  the  bandwidth  returns  to  the  original 
value  in  approximately  10  s.  However,  on  the  basis  of  the 
electromechanical  displacement  mechanism,  both  the  switching 
on  time  and  switching  off  time  of  these  devices  can  be  sped  up. 
As  illustrated  in  Figure  7b,  increasing  the  initial  voltage  supplied 


to  the  device  (“overdriving”)  can  result  in  foster  bandwidth 
broadening.  Here,  a  65  V  dc  field  is  applied  for  approximately  2 
s,  after  which  the  dc  voltage  is  reduced  to  50  V.  Employing  this 
method  reduces  the  switching  on  time  from  24  s  to  2.3  s.  The 
switching  off  time  can  be  improved  by  reversing  the  bias  for  a 
short  time.  As  illustrated  in  Figure  7c,  the  normalized 
bandwidth  of  the  PSCLC  was  increased  to  3.3  by  applying  an 
80  V  dc  field  for  approximately  3  s,  followed  by  a  reduction  to 
50  V  dc  voltage  (switching  on  time  of  1  s).  At  17  s,  the  polarity 
of  the  dc  field  was  reversed  such  that  the  sample  was  subjected 
to  —30  V  dc  for  3  s  and  switched  off.  The  polarity  reversal 
reduced  the  switching  off  time  from  10  s  (Figure  7a  and  b)  to 
2.1  s.  While  the  response  times  are  slow  compared  with  liquid 
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crystal  material  systems  employed  in  display  devices,  the 
response  times  reported  here  may  be  sufficient  to  actively 
control  the  content  and  intensity  of  irradiation  in  some 
applications,  such  as  smart  windows.  Future  work  will  continue 
to  pursue  strategies  to  reduce  the  response  times  by  improving 
the  elastic  properties  of  the  polymer  stabilizing  network. 

■  CONCLUSIONS 

We  report  large  and  stable  electrically  regulated  control  of  the 
bandwidth  of  the  spectral  reflection  of  polymer  stabilized 
cholesteric  liquid  crystals.  Due  to  the  dominant  role  of 
“structural  chirality”  in  die  formulations  examined  here,  the 
displacement  of  the  polymer  network  results  in  a  variation  in 
pitch  across  the  cell,  which  is  observable  as  broadening  of  the 
bandwidth  of  the  spectral  reflection.  Through  formulation 
studies,  the  contribution  of  the  polymer  network  architecture 
(the  molecular  weight  between  cross  links)  and  order  retention 
were  examined.  Broadening  was  observed  in  all  the  samples 
examined  here,  but  was  found  to  be  optimal  in  PSCLCs 
prepared  from  RM82  (six  methylene  spacing  units).  Despite 
the  ionic  mechanism,  stable  and  reversible  color  changes  of 
PSCLCs  were  observed.  Due  to  the  polymer  displacement 
mechanism,  the  native  switching  on  and  off  times  of  the  effects 
are  slow.  However,  adjusting  electro  optic  drive  schemes  shows 
a  path  forward  to  reducing  switching  times  to  at  least  1  s. 

■  METHODS 

Preparation  of  —Ac  PSCLCs.  Alignment  cells  were  self 
prepared  from  ITO  coated  glass  slides  (Colorado  Concepts). 
The  glass  slides  were  each  coated  with  a  polyimide  or  Elvamide 
alignment  layer.  The  alignment  layers  were  rubbed  with  a  cloth, 
and  the  cell  was  constructed  to  yield  planar  alignment 
conditions.  The  cell  gap  was  controlled  by  mixing  15,  36,  or 
50  /on  thick  glass  rod  spacers  into  an  optical  adhesive.  Samples 
were  prepared  by  formulating  1  wt  %  of  the  photoinitiator 
Irgacure  369,  two  right  handed  chiral  dopants  (5  wt  %  RIO  11 
and  5  wt  %  R811  or  5  wt  %  S1011  and  5  wt  %  S811,  Merck),  5 
wt  %  of  an  achiral  liquid  crystal  monomer  (as  specified),  and  84 
wt  %  of  a  —  Ae  achiral  nematic  liquid  crystal  (ZLI  2079, 
Merck).  The  polymer  stabilizing  network  was  formed  within 
the  samples  by  photoinitiated  polymerization  with  50—80  mW/ 
cm2  of  365  nm  light  (Exfo)  for  3  min.  To  ensure  homogeneous 
curing  conditions,  the  cell  was  rotated  at  an  angular  velocity  of 
200  Hz  during  polymerization.  While  samples  prepared  with 
more  traditional,  one  sided  curing  exhibit  similar  electro  optic 
responses  to  that  reported  here,  the  consistency  and  sample  to 
sample  repeatability  are  improved  by  rotating  the  sample  during 
curing.  The  polymer  stabilizing  network  was  prepared  from  the 
homopolymerization  of  four  different  LCMs  (RM257  (Merck), 
RM82  (Merck),  M04301  (Alpha  Micron),  and  M04256  (Alpha 
Micron)).  These  monomers  were  intentionally  selected  for  a 
large  variation  in  flexible  spacer  length  as  well  as  mesogenic 
methylation.  All  materials  were  used  as  received  without  any 
purification. 

Experimental  Setup  and  Measurements.  Transmission 
spectra  were  collected  with  a  fiber  optic  spectrometer.  Unless 
otherwise  mentioned,  the  white  light  probe  was  unpolarized. 
Transmission  spectra  were  collected  before,  during,  and  after 
application  of  dc  fields.  Response  times  were  obtained  using 
this  setup.  The  ion  density  of  the  mixtures  was  measured  with  a 
commercial  instrument  from  LC  Vision  in  the  homeotropic 
alignment  cells.  During  the  experiment,  the  samples  were 


subjected  to  a  1  Vp  bias  at  a  frequency  of  3  Hz.  The  ion  density 
values  reported  in  Table  SI  (Supporting  Information)  are  the 
average  of  five  measurements.  There  is  no  switching  response 
of  liquid  crystals  because  the  applied  alternating  voltage  (l  Vp) 
is  below  the  threshold  voltage.  The  ion  density  is  calculated 
from  current  measurements  with  the  triangle  method.  Optical 
and  polarized  optical  microscopy  was  employed  to  characterize 
the  PSCLCs.  The  mechanical  properties  of  polymers  prepared 
from  homopolymerization  of  the  four  LCMs  were  examined  in 
samples  prepared  from  2  wt  %  Irgacure  369  initiator  and  98  wt 
%  LCM.  The  thermomechanical  properties  of  the  resulting 
liquid  crystal  polymer  networks  were  determined  in  specimens 
with  a  gauge  length  of  10  mm  X  2  mm  X  30  fim  (length,  width, 
and  thickness).  Storage  modulus  (E')  and  tan  5,  summarized  in 
Figure  S2  (Supporting  Information),  were  obtained  by  dynamic 
mechanical  analysis  (RSA  III,  TA  Instruments)  at  a  strain  of 
0.5%  and  frequency  of  1  Hz  with  a  heating  rate  of  2.5  °C/min 
over  the  temperature  range  20—200  °C. 

■  ASSOCIATED  CONTENT 
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Supplementary  Figures:  Figure  SI,  evidence  of  structural 
chirality  of  PSCLCs  prepared  at  various  temperatures;  Table 
SI,  ion  densities  of  four  mixtures  with  various  liquid  crystal 
monomers;  Figure  S2,  thermomechanical  data  for  three  liquid 
crystal  polymer  networks  prepared  by  three  liquid  crystal 
monomers  with  various  alkyl  chain  lengths;  Figure  S3,  temporal 
stability  of  electrically  induced  bandwidth  broadening  in  four 
PSCLC  samples;  Figure  S4,  electric  field  induced  bandwidth 
broadening  of  PSCLCs  with  various  cell  thicknesses.  Supple 
mentary  video:  Video  1,  high  contrast,  color  tunable  mirror 
from  an  assembled  LH/RH  PSCLC  depicted  in  Figure  2.  This 
material  is  available  free  of  charge  via  the  Internet  at  http:// 
pubs.acs.org. 
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